The plexiform lesions of severe pulmonary hypertension (PH) are complex vascular structures composed primarily of endothelial cells. In this study , we use immunohistochemical markers to identify the various cell layers of pulmonary vessels and to identify different endothelial cell phenotypes in pulmonary arteries affected by severe PH. Our computerized three-dimensional reconstructions of nine vessels in five patients with severe PH demonstrate that plexiform (n ‫؍‬ 14) and concentric-obliterative (n ‫؍‬ 6) lesions occur distal to branch points of small pulmonary arteries. And , whereas plexiform lesions occur as solitary lesions , concentric-obliterative lesions appear to be only associated with , and proximal to, Pulmonary hypertension (PH) with plexiform arteriopathy occurs in a sporadic, idiopathic, or primary form (PPH), as an inherited disease in the familial form, in association with a variety of diseases (eg, scleroderma, mixed connective tissue disorders, HIV infection, hepatic disease with portal hypertension), and with the use of appetite suppressants (including fenfluramine derivatives).
Pulmonary hypertension (PH) with plexiform arteriopathy occurs in a sporadic, idiopathic, or primary form (PPH), as an inherited disease in the familial form, in association with a variety of diseases (eg, scleroderma, mixed connective tissue disorders, HIV infection, hepatic disease with portal hypertension), and with the use of appetite suppressants (including fenfluramine derivatives). [1] [2] [3] [4] [5] [6] [7] Structurally, the remodeling of the pulmonary arteries in severe PH involves an increase in vascular smooth muscle cell mass and endothelial cell proliferation, resulting in medial hypertrophy, concentric obliteration of the lumina, and complex vascular structures known as plexiform lesions.
Because of the patchy distribution of plexiform lesions, the vascular changes can be difficult to identify in random two-dimensional histological sections. Using traditional hematoxylin-eosin staining, plexiform vascular remodeling may be detected in only a fraction (10 -20%) of the total pulmonary arteries sampled. 8, 9 However, the degree of the often fixed pulmonary hypertension of these same patients indicates a significant (greater than 20%) obstruction of the precapillary pulmonary artery system. To address the impact of the vascular changes on pulmonary blood flow, we used three-dimensional computer modeling to reconstruct the cellular layers of the altered blood vessels. Previous three-dimensional studies of the pulmonary vasculature in PH have used casting methods, which permit analysis of regional relationships but cannot address the cellular composition of the vascular lesions. 10, 11 Our present study provides the first reconstruction at a cellular level of the complex vascular structures that characterize severe secondary and primary pulmonary hypertensive disorders.
Previously, it has been felt that plexiform lesions were the end-stage result of either postthrombotic or myofibro-blastic scarring of the pulmonary arteries. 12, 13 Based on more recent observations, however, it is becoming clear that plexiform lesions are driven by endothelial cell growth-in effect, they are dynamic angiogenic lesions. 14, 15 In fact, the Executive Summary from the World Symposium-Primary Pulmonary Hypertension 1998 states that the plexiform lesion may represent "endothelial cells that are involved prominently in angiogenesis, perhaps akin to a neoplastic process." It is also possible that "endothelial markers can be applied to diagnose early lesions." 16 The endothelial cells of plexiform lesions exhibit several phenotypic alterations that distinguish them from normal pulmonary endothelial cells. 17 For example, the endothelial cells of the plexiform lesions show a reduction or loss of prostacyclin synthase (PGI2S) 18 and nitric oxide synthase 19 and overexpress endothelin-1, 20 5-lipoxygenase, and 5-lipoxygenase activating protein, FLAP. 21 These phenotypical alterations may relate to vasomotor tone abnormalities, in situ thrombosis, or the endothelial cell proliferation observed in patients with severe PH. In addition, the recent finding that the proliferating endothelial cells in the plexiform lesions of PPH-including patients with dexfenfluramine-associated PH-are monoclonal whereas those of secondary PH are polyclonal suggests that a somatic genetic event allows for endothelial cell proliferation in PPH. 22, 23 We hypothesize that the growth of the plexiform lesions depends on different developmental stages and phenotypes of pulmonary endothelial cells, such as those described as occurring during angiogenesis and vasculogenesis. 24, 25 In the present study, we use immunohistochemical markers of endothelial cells and angiogenesis to identify these different endothelial cell phenotypes. We examine the three-dimensional organization of endothelial and smooth muscle cells, using the immunohistochemical markers factor VIII-related antigen (FVIII-r.ag) and muscle specific actin (MSA), respectively. In addition, we localize three-dimensionally the expression patterns of two "functional" cell markers, the vascular endothelial growth factor (VEGF) receptor KDR, which is expressed in early angiogenesis and vasculogenesis, 25 and p27/kip1, a cell cycle inhibitory protein marker of low growth potential.
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Materials and Methods
Tissue Samples
Lung tissue was obtained from five patients with plexiform pulmonary arteriopathy. Lung tissue from an additional patient with normal pulmonary vessels was used for control studies. Four of the lung specimens were obtained at autopsy-one each from patients with PPH, liver cirrhosis, HIV, and scleroderma. The fifth specimen was the explanted right lung from a patient with PPH; the unused donor's left lung provided the normal control tissue. Clinical data are summarized in Table 1 .
When possible, each lung specimen was oriented in the anatomical position. Blocks of tissue were removed from the mid to distal portions of the lobes. The blocks were then cross-sectioned every 1-2 mm and placed in numbered cassettes to maintain the hilar-to-peripheral orientation. In some of the cases, archival tissue blocks were used without a priori knowledge of orientation. Orientation was deduced from the dichotomous branching pattern of the pulmonary vasculature. That is, serial sections were examined to determine the direction in which branching occurred. Branching was assumed to progress in a distal direction. All tissue was fixed in 10% formalin, processed, and embedded in paraffin.
Hematoxylin-eosin-stained sections were screened to select the tissue blocks with plexiform and/or concentricobliterative lesions. All blocks examined showed plexiform arteriopathy. Five blocks from the two PPH cases, two blocks from the scleroderma case, and one block from each of the remaining non-PPH cases were selected for serial sectioning and computerized three-dimensional reconstruction. The representative blocks (nine total) were sectioned at 5-m intervals. The total thickness of tissue that was serially sectioned and placed on Superfrost/Plus slides (Fisher Scientific, Pittsburgh, PA) for final reconstruction varied from 145 m to 540 m. The depth of cut was labeled on all slides, and planar orientation was maintained.
Immunohistochemistry
The various cell layers of the pulmonary vessels were examined using immunohistochemical staining for endo- In addition, two tissue blocks from patient 2 (PPH) were serially sectioned every 5 m (50 sections total) with a staining rotation of FVIII-r.ag, MSA, VEGF receptor KDR (polyclonal antibody, flk-1, 1:50 dilution; Santa Cruz Biotechnologies, Santa Cruz, CA), and p27/kip1 (monoclonal antibody, 1:1000 dilution; Transduction Laboratories, Lexington, KY).
Heat-induced antigen retrieval using pressure cooker heating in a sodium citrate solution was used to optimize immunostaining. After incubation with the primary antibody, immunodetection was performed using biotinylated anti-mouse (for monoclonal) or anti-rabbit (for polyclonal) immunoglobulins. Peroxidase-labeled streptavidin (Vector Laboratories, Burlingame, CA), with diaminobenzidine chromogen as the substrate (Vector Laboratories), completed the immunostaining.
The Ventana ES automatic immunostaining device was employed for the additional immunohistochemical staining of lung tissue from patient 2 (PPH).
Incubations with unrelated antibodies were used as controls for the above methods. Appendix was used as the positive control tissue for MSA, FVIII-r.ag, and KDR. Lymph node was used for the positive control tissue for p27/kip1. In addition, each lung section provided its own internal control for MSA (bronchial smooth muscle cells) and FVIII-r.ag and KDR (alveolar septal capillaries).
Computer-Aided Three-Dimensional Reconstruction
Each slide was again examined to confirm the presence of plexiform and/or concentric-obliterative lesions. Plexiform lesions were defined, in part, by the intense FVIIIr.ag and/or KDR staining of the endothelial cells ( Figure  1 ). Most lesions consisted of slit-like multiple channels within small muscular pulmonary arteries; others showed partial destruction of the media, with the proliferating endothelial cells appearing to break through the wall of the artery. Concentric, intraluminal, onionskin-like layers that stained intensely with FVIII-r.ag but lacked an MSA signal ( Figure 2 ) identified concentric-obliterative lesions.
The lesions were magnified by ϫ100 to ϫ200 and then sequentially photographed using color print film. The lumina, endothelial cells, and smooth muscle cell layers of the serially sectioned vessels were then traced with colorcoded inks onto corresponding serial transparent overlays. The locations of VEGF receptor (KDR) and p27/kip1 immunostained cells were similarly copied onto overlays. Adding a fourth and fifth marker greatly increased the complexity and memory requirements for the three-dimensional reconstructions; therefore only one set of serial sections from case 2 was chosen for computerized reconstruction using all five markers.
Adjacent bronchioles, alveoli, and large arteries were used as guides to maintain the correct x-y coordinates of the lesions. The resultant maps were then scanned into the computer with a HP ScanJet IIcx/T scanner.
The two-dimensional map images were automatically and manually edited to eliminate scanning errors and verified by eye with the original maps. The edited images were then combined into a three-dimensional model in which the orientation and spacing of the sections were preserved. The resulting model was encoded in a format suitable for use with Vis5D, a three-dimensional visualization package.
Vis5D is public domain software made available by the University of Wisconsin. Its primary use is the visualization of the results of numerical weather simulations. The graphics capabilities can be extended to general threedimensional visualization, which was applied in the present study. The rendering algorithm allows the user to interactively choose any viewing angle and encode different regions of the maps in any color with any degree of opacity. In addition, two-dimensional slices may be taken from any angle. This greatly facilitates our three-dimensional conception of these lesions and the functional components' spatial relationships within. Table 2 summarizes the sequence and spacing of the vascular changes.
Results
Both cases of PPH (yielding a total of five reconstructed lesions) demonstrated a dichotomous branching pattern. Concentric-obliterative and/or plexiform lesions became visible just distal to branch points of small-to medium-sized pulmonary arteries (Figure 3 ). In the reconstructed vessels, a concentric-obliterative lesion was always associated with a distal plexiform lesion. However, plexiform lesions were either isolated lesions or were associated with a proximal concentric-obliterative lesion. Plexiform lesions terminated in aneurysmal-like dilatation lesions, or simply disappeared in the subsequent sections. The length of the longest fully reconstructed plexiform lesion was 200 m. The lengths of the concentric-obliterative lesions were similar to those of the downstream plexiform lesions within the same vessel. Medial hypertrophy was more prominent in PPH case 1 than in case 2. Figure 4 illustrates the three-dimensional view of case 1. The initial concentric-obliterative lesion of the left branch is followed distally by a plexiform lesion. The right branch consists only of a plexiform lesion. The extensive intravascular, FVIII-r.ag-positive, endothelial cell layers obliterate normal blood flow, leaving only small channels and slit-like openings. Figure 4B shows a longitudinal view of the same lesion. For comparison, Figure  5 shows a similar-sized, branching pulmonary blood vessel from a normal lung (case 6). In the normal vessels, the lumina are unobstructed and the cross-sectional area available for blood flow is much greater than that in the abnormal vessel shown in Figure 4 .
A reconstructed pulmonary vessel from the patient with cirrhosis (case 3) demonstrated an axial pulmonary artery giving rise to a single, smaller side branch (see illustration in Table 2 ). In this case, the plexiform lesion appeared to arise directly from the wall of the larger vessel and then terminated as a dilatation lesion. The length of this plexiform lesion was 400 m, the longest lesion identified.
Case 4 (AIDS-related PH) was unique in that one of the branched vessels remained normal for 200 m before evolving into a 70-m-long plexiform lesion. The other branch appeared normal for 55 m, and then became plexiform for 200 m. Concentric-obliterative lesions were not present in this case of AIDS-associated plexiform arteriopathy.
Both axial and dichotomous branching patterns were reconstructed in the lung tissue from the scleroderma patient (case 5). Similar to the PPH cases, concentricobliterative or plexiform lesions occurred at or just distal to the branch points. Again, solitary plexiform lesions were identified, but the concentric-obliterative lesions occurred only proximal to the plexiform lesions.
All non-PPH cases (cases 3-5) demonstrated a prominent endothelial cell proliferative component similar to that seen in the two PPH cases. Medial hypertrophy was present to a variable degree. Although not shown in these reconstructions, mononuclear inflammatory cells tended to cluster around affected vessels. The lumina of the reconstructed vessels were severely compromised, ranging from total obliteration to a few remaining slit-like openings. The dilatation lesions also showed extensive structural disorder. No thrombotic lesions were identified in the vessels of these patients, perhaps because of the treatment of these patients with anticoagulants.
We examined two blocks from case 2, each serially sectioned (50 sections per block), and sequentially stained with H&E, FVIII-r.ag, MSA, KDR, and p27/kip1 (Figures 6 and 7) . On average, each histological section contained 10 plexiform lesions. Because KDR is endothelial cell specific, 29 -31 immunostaining of all endothelial cells (including the proliferating ones) should be positive. Indeed, the KDR immunomarker stained all of the cells comprising the plexiform lesion. Interestingly, the KDR marker appears to be more sensitive for the endothelial cell population in the plexiform lesion than the FVIII-r.ag immunostain. Figures 1 and 6 illustrate the endothelial cells stained by KDR versus FVIII-r.ag. The FVIII-r.agpositive cells tend to be more prevalent adjacent to the multiple lumina, whereas KDR-positive cells are present throughout. The KDR-positive endothelial cells that stain positive for the cell quiescence marker p27/kip1 are shown in Figure 7 . The p27/kip1 staining pattern mimicked that of the FVIII-r.ag; that is, the elongated, more mature-appearing endothelial cells nearest the red cell containing lumina stained positive, whereas the core of plump endothelial cells stained negative (see Figure 7B , inset).
The terminal dilatation lesions of this PPH case stained positive for the endothelial cell markers KDR and FVIIIr.ag, as well as the p27/kip1 cell cycle inhibitory protein marker. In marked contrast to PPH case 1 (Figure 4) , the smooth muscle layers around the plexiform lesions in case 2 were extremely thin.
Discussion
Our three-dimensional analysis of plexiform arteriopathy allowed us to examine the cellular and structural topographic relationships of diseased vessels, the extent and location of endothelial cell growth in plexiform and concentric-obliterative lesions, the heterogeneity of the smooth muscle cell coat in plexiform arteriopathy, and, by inference, the impact of vessel remodeling on blood flow. Because of the complexity associated with the three-dimensional computer reconstruction of microscopic structures, we limited our reconstruction efforts to five patients and nine vascular lesions.
Our study indicates that the plexiform lesion is functionally important because the vascular lumen (and consequently blood flow) is severely occluded along the entire length of a vessel affected by a single plexiform lesion. A bidimensional view only shows a limited representation of the pulmonary vessels. Three-dimensional reconstructions illustrate that a vessel with an apparently normal cross section may become severely occluded by downstream plexiform arteriopathy. Therefore, numerous histological sections may be needed to adequately evaluate plexiform arteriopathy.
We found a correlation between arterial branch points and intraluminal vascular remodeling, which was similar to findings of previous morphometric studies of plexiform arteriopathy. 10, 11, 32 The specific distribution of the plexiform and concentric-obliterative luminal lesions at branch points and only in pulmonary (not bronchial) arteries suggests that shear stress and/or turbulent flow may influence the pathogenesis of the lesions.
Although all of the lung sections we studied exhibited plexiform arteriopathy, not all showed concentric-obliterative changes or smooth muscle hypertrophy. In the nine vessels reconstructed, concentric-obliterative lesions (n ϭ 6) were never isolated lesions. If present, they were proximal to plexiform changes. However, plexiform lesions (n ϭ 14) did appear as solitary lesions. From this, one could hypothesize that the plexiform lesion forms first, independent of a component of medial smooth muscle cell hypertrophy. Over time, the plexiform lesion may transform into a tight network of intraluminal concentric obstruction composed of endothelial cells and recruited myofibroblast cells, beginning at the proximal end of the arterial branch and proceeding distally. Thus it is possible that concentric lesions represent a scar that temporally follows the plexiform lesion. Interestingly, two of our cases that lacked concentric-obliterative changes (case 2, PPH; case 4, AIDS-associated PH) also lacked a hypertrophic smooth muscle component, suggesting perhaps that concentric intimal fibrosis and medial thickening are related.
Some authors suggest either no association between dilatation and plexiform lesions or that the dilatation lesions are simply dilated capillaries or shunts. 8, 32, 33 Our three-dimensional reconstructions illustrate that the dilatation lesion is found within a short distance downstream of the plexiform lesion, adjacent to or within the same vessel. A dilatation lesion may represent another manifestation of the overall angiogenic-like process occurring at the site of the plexiform lesion. If a vascular lesion in PPH can evolve over time and progressively mature, then the individual cells that make up the lesion might also mature and differentiate. To examine phenotypic differences in the individual endothelial cells of a plexiform lesion, we reconstructed a vessel using two additional, more functional, immunohistochemical markers. One marker, the VEGF receptor KDR, identifies vascular endothelial cells. KDR, unlike its ligand VEGF, is present in all endothelial cells and is an early marker of angiogenesis and vasculogenesis. 25 We also used p27/kip1 expression to identify quiescent, nonproliferative cells. Cells that are stimulated by growth factors demonstrate a decreased level of p27/kip1. 26 -28 FVIII-r.ag expression was used as a marker for a mature endothelial cell phenotype-a cell that contains WeibelPalade bodies. In our reconstructed plexiform vessel, positive staining for p27/kip1 occurred primarily in the endothelial cells lining the peripheral multiple lumina of the plexiform lesion. Decreased or absent staining occurred in the central core of the endothelial cell layers, suggesting that in these central cores, endothelial cells proliferate. Notably, the expression of FVIII-r.ag paralleled the p27/kip1 findings, that is, whereas all endothelial cells stained positive for the endothelial cell-specific receptor KDR, only the apparently quiescent (p27/kip1-positive) and mature (FVIII-r.ag-positive) endothelial cells lined the multiple lumina. Thus there was a central core of cells positive for KDR but negative for FVIII-r.ag and p27/kip1, indicating that these cells 1) were endothelial cells (KDR-positive), 2) did not express a marker of maturation (FVIII-r.ag-negative), and 3) were likely under stimulation by growth factors (p27/kip1-negative).
In summary, we present evidence that plexiform lesions are composed of phenotypically distinct endothelial cells and are not static end-stage lesions. This phenotypic diversity is expressed in the evolution of the plexiform lesion. We propose that plexiform lesions begin and evolve within the blood vessel lumen (ie, a plexiform lesion evolves into a concentric-obliterative lesion), and that there is evolution on a cellular level. At a minimum, there are two distinct KDR-positive endothelial cells: 1) a quiescent FVIII-r.ag-and p27/kip1-positive phenotype that lines structures resembling early blood vessels and 2) a proliferating FVIII-r.ag-and p27/kip1-negative endothelial cell phenotype in the solid central core of cells of the plexiform lesion. The developmental relationships between the two endothelial cell phenotypes and the surrounding smooth muscle cells of the plexiform lesions, along with the identification of the specific roles of the endothelial cell phenotypes in the process of "misguided angiogenesis," may shed further light on the pathogenesis of the vascular remodeling in severe pulmonary hypertension and may provide tools to identify earlier stages of endothelial cell abnormalities in this disease.
Note added in proof
We with to thank Dr. Alfred P. Fishman, University of Pennsylvania, for bringing to our attention the 1961 publication by Moschcowitz, Rubin, and Strauss in The American Journal of Pathology entitled "Hypertension of the pulmonary circulation due to congenital glomoid obstruction of the pulmonary arteries," specifically its authors' statement: "Four cases of pulmonary hypertension are reported in which we believe the hypertension to be caused by obstruction of innumerable small branches of the pulmonary artery by glomoid lesions arising within the vessel lumens." (Am J Pathol 1961, 39:75-87)
